Introduction
============

Ischemic stroke continues to stand as a leading cause of death and disability worldwide, with an ongoing need for effective therapies.^[@b1-1041062]^ Cell-based therapies have emerged as a promising modality for stroke treatment, yet a complete understanding of their mechanisms remains elusive.^[@b2-1041062]--[@b4-1041062]^ The study of stem cell therapy for stroke has focused primarily on the effects of the grafted cells within the local brain tissue, despite the recognition of a peripheral inflammatory response exacerbating the pathological outcomes in the stroke brain.^[@b5-1041062],[@b6-1041062]^ Following stroke, a compromised blood-brain barrier (BBB) allows peripheral major histocompatibility complex class II (MHC-II)-positive immune cells -- including neutrophils, T cells, and monocytes/macrophages^[@b7-1041062]^ -- to infiltrate the brain parenchyma, perpetuating a state of cerebral inflammation.^[@b8-1041062]--[@b10-1041062]^ Pharmacological and cell-based anti-inflammatory methods which attenuate cerebral and systemic inflammation have been shown to improve stroke outcomes.^[@b11-1041062],[@b12-1041062]^ Thus, an understanding of how stem cells sequester and modulate peripheral inflammation is key for furthering the application of stem cell therapies in stroke and other neurological disorders with pathologies characterized by aberrant inflammation.

The spleen is a major contributor to the peripheral inflammatory response observed following stroke.^[@b13-1041062],[@b14-1041062]^ Acting as a reservoir for leukocytes, the spleen is the primary disseminator of inflammatory cells in response to injury.^[@b15-1041062]^ This splenic response, paired with the compromised BBB following stroke, contributes to the infiltration of pro-inflammatory mediators into the brain and worsened outcomes.^[@b16-1041062]--[@b18-1041062]^ We have previously reported that human bone marrow mesenchymal stromal cells (hBMSC) delivered intravenously preferentially migrate to the spleen, dampening systemic inflammation.^[@b19-1041062]^ These findings support the therapeutic potential of targeting the peripheral inflammatory response via the spleen to abrogate neuroinflammation, in addition to implicating stem cells as inflammation-homing biologics.

In light of the spleen and peripheral inflammation being principal culprits in neuroinflammatory-induced cell death processes^[@b20-1041062],[@b21-1041062]^ the recently characterized cerebral lymphatic system opens a new avenue of research in stem cell therapies for neurological disorders.^[@b22-1041062]^ Cognizant that the spleen is a major destination for lymphatic drainage, the cerebral lymphatic system could serve as an efficient route for brain-to-spleen stem cell migration. To date, this notion of intracerebrally transplanted stem cells migrating remotely away from the implantation sites in ischemic regions, albeit outside the brain, has not been investigated. Here, we report for the first time that stem cells can migrate from the cerebrum to the periphery via lymphatic vessels, likely amplified by stroke-induced local and peripheral inflammation. This line of investigation advances the concept of targeting the source of the peripheral inflammatory response by harnessing lymphatic vessel-directed migration of stem cells. The present study also provides valuable data toward a novel understanding of how intracerebral transplantation of stem cells functions to repair the damaged brain through peripheral effectors.

Methods
=======

Animals and housing
-------------------

All experiments were approved by the Institutional Animal Care and Use Committee of the University of South Florida, Morsani College of Medicine and were conducted in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the United States Public Health Service's Policy on Humane Care and Use of Laboratory Animals. All experiments were carried out on 2-month old Sprague-- Dawley male rats (Harlan Laboratories, Indianapolis, IN, USA) and rats were either exposed to sham (n=6) or stroke surgery, with the latter further classified as mild (n=9) or severe (n=9) based on the severity of the stroke as evidenced by pathological outcomes. There were six animals in the sham-treated group, nine in the mild stroke group, and nine in the severe stroke group across all treatments, and all animals were treated with hBMSC.

Stroke surgery
--------------

Animals underwent middle cerebral artery occlusion surgery as described in our previous study.^[@b23-1041062]^ Sham surgery involved exposing and isolating the common carotid and internal carotid arteries before closing the incision. Severe stroke was induced by 60 min intraluminal filament occlusion of the right internal carotid artery with simultaneous ligation of the contralateral (left) common carotid artery for 30 min. In contrast, mild stroke was induced by 60 min occlusion of the right internal carotid artery, without ligating the left common carotid artery.

Cell preparation
----------------

hBMSC and bEnd.3-expressing lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1) were purchased from the American Type Culture Collection (ATCC, VA, USA). The immortalized BV-2 murine microglial cells^[@b24-1041062]^ were maintained in Dulbecco modified Eagle medium (Gibco, MA, USA). Immortalized bEnd.3 and BV-2 cells were used to better manage the growth of these cells in culture over longer periods of time.^[@b25-1041062]^ For transplantation preparation, hBMSC density was adjusted to 7.5×10^6^ cells in 216 μL of phosphate-buffered saline. For cell migration, the cell density was adjusted to 1×10^6^ cells in 5 mL fluorescent medium (ThermoFisher, MA, USA). Thereafter, cells were incubated with 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate (DiD, Invitrogen, OR, USA) for 30 min, to aid the visualization of hBMSC migration.

Transplantation
---------------

One hour after middle cerebral artery occlusion surgery, rats were anesthetized and hBMSC were injected intracerebrally into the striatum and cortex of the ischemic hemisphere over 10 min as previously described.^[@b26-1041062]^ Within a single needle pass, two deposits of hBMSC were made in the striatum (DV=5.0 mm and DV=4.0 mm) and one deposit of hBMSC was made in the cortex (DV=3.0 mm) for a total of three separate deposits (AP=+0.5 mm, ML=+2.8 mm, DV=5.0 mm, 4.0 mm, and 3.0 mm).^[@b26-1041062]^ Each deposit contained 1×10^5^ cells/3 μL phosphate-buffered saline for a total of 3×10^5^ cells suspended in 9 μL phosphate-buffered saline for the entire transplant regimen per animal.

Brain and organ harvesting, fixation, and sectioning
----------------------------------------------------

Rats were euthanized under deep anesthesia on day 1, day 3, or day 7 after transplantation for *ex vivo* imaging analysis, as described in our past study.^[@b21-1041062]^

Measurement of infarct area
---------------------------

Hematoxylin and eosin staining was performed to confirm the core infarct injury of our stroke model as shown in our previous studies.^[@b24-1041062],[@b27-1041062]^

Immunohistochemistry assays
---------------------------

Human nuclei (HuNu) and OX6 staining was performed as described in our previous study.^[@b21-1041062]^ Details of the immunohistochemistry assays are described in the *Online Supplementary Material*.

Cell migration assay
--------------------

The cell migration assay was performed using a Falcon^TM^ FlouroBlok^TM^ 96-well HTS insert system with 3.0 μm pores (Life Science, NC, USA). BV2 and bEnd.3 cells were fed with fresh growth medium at the bottom of the lower chamber in a 96-well plate. There were three groups in the bottom cell: BV2, bEnd.3, and BV2+bEnd.3. The cell density was adjusted to 2×10^4^ cells in 200 μL growth medium/well overnight. Cells were treated with different doses of tumor necrosis factor-alpha (TNF-α; 0 ng/mL, 25 ng/mL, 50 ng/mL, or 100 ng/mL) in an incubator overnight. The details of the cell migration assay are described in the *Online Supplementary Material*.

Statistical analysis
--------------------

All data are expressed as the mean ± standard error of mean and statistically evaluated using one-way or two-way analysis of variance (ANOVA) followed by a Bonferroni test (GraphPad version 5.01). Comparisons with a *P* value \<0.05 were considered statistically significant.

Results
=======

Infarct sizes
-------------

Hematoxylin and eosin staining indicated the presence of infarcts in the animals with mild and severe stroke. Percentages of infarct lesion area were rated accordingly: mild ≤10%, and severe \>10% ([Figure 1B](#f1-1041062){ref-type="fig"}). The groups with severe stroke had significantly higher percentages of infarct area than those with mild stroke at all time points (*P*\<0.001; *P*\<0.01). Furthermore, transplanting hBMSC grafts did not reduce infarct sizes and no significant outliers were detected across the treatment groups ([Figure 1A](#f1-1041062){ref-type="fig"}).

![Infarct sizes in a rat model of stroke. (A) Representative hematoxylin and eosin--stained brain sections from rats that had undergone sham surgery (sham), surgery to induce a mild stroke (mild) or surgery to induce a severe stroke (severe). One hour after sham, mild or severe stroke surgery, rats were intracerebrally injected with human bone marrow mesenchymal stromal cells. Brains from animals with mild or severe stroke show ischemic lesions. Red circles indicate infarct areas. (B) Bar graph depicting infarct size in stroke animals. The infarct area in the ipsilateral hemisphere is expressed as a percentage of the area of the contralateral hemisphere. Values are indicated as means ± standard error of mean. Significance bars: \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001.](1041062.fig1){#f1-1041062}

Survival of human bone marrow mesenchymal stromal cells in the brain and spleen
-------------------------------------------------------------------------------

Confocal microscopy with HuNu staining was used to analyze hBMSC survival and detected positive HuNu expression in brains transplanted with hBMSC ([Figure 2A](#f2-1041062){ref-type="fig"}). Additionally, HuNu-positive cells in the spleen indicated that intracerebrally injected stem cells migrated from the brain to the spleen ([Figure 2B](#f2-1041062){ref-type="fig"}). On day 1, the number of HuNu-positive cells in the brains of the group with severe stroke was significantly higher than that of the group with mild stroke and the sham-treated group (*P*\<0.001). On day 3, the numbers of HuNu-positive cells in the brains of the groups with mild and severe stroke were significantly higher than the number in the sham-treated group *P*\<0.01) ([Figure 2C](#f2-1041062){ref-type="fig"}). On all days, the groups with mild and severe stroke had significantly higher numbers of hBMSC in the spleen compared to the numbers in the spleen of the sham-treated group (*P*\<0.001) ([Figure 2D](#f2-1041062){ref-type="fig"}). When comparing between days and within experimental groups, there were no significant differences in either the brain or the spleen, between the sham-treated groups (*P*\>0.05) but there were significant differences between the groups with mild stroke and between the groups with severe stroke (*P*\<0.001) ([Figure 2C,D](#f2-1041062){ref-type="fig"}). The detection of surviving hBMSC in the brain and spleen was most robust on day 3, with the highest number of cells identified in the groups with severe stroke ([Figure 2C,D](#f2-1041062){ref-type="fig"}).

![Survival of human bone marrow mesenchymal stromal cells in the brain and spleen. (A) In the brain, transplanted human bone marrow mesenchymal stromal cells (hBMSC) express antigens for human nuclei (HuNu). The hBMSC grafts in the brain were positively stained with HuNu. (B) Representative merged images showing co-localization of HuNu-positive cells and 4,6-diaminodino-2-phenylindole (DAPI) for hBMSC in the spleen. (A and B) Arrow heads indicate HuNu-positive cells. Scale bars = 100 μm. Green: HuNu; blue: DAPI. (C and D) Quantitative analyses of the estimated number of HuNu-positive hBMSC in the brain (C) and in the spleen (D) of stroke and sham-treated animals revealed more HuNu-positive cells survived in the brain and migrated to the spleen on day 3, especially in the groups with severe stroke. Significance bars: \*\**P*\<0.01; \*\*\**P*\<0.001. (C) a: The group with mild stroke had significantly more HuNu-positive cells in the brain on day 3 than on other days (*P*\<0.01); *b*: the group with severe stroke had significantly more HuNu-positive cells in the brain on day 3 than on other days (*P*\<0.01). (D) *a*: The group with mild stroke had significantly more HuNu-positive cells in the spleen on day 3 than on other days (*P*\<0.001); b: the group with severe stroke had significantly more HuNu-positive cells in the spleen on day 3 than on other days (*P*\<0.001).](1041062.fig2){#f2-1041062}

Human bone marrow mesenchymal stromal cells were visualized within lymphatic vessels in the brain and spleen
------------------------------------------------------------------------------------------------------------

To further elucidate whether transplanted stem cells could migrate from the brain to the peripheral immune organs through the lymphatic system, we co-stained for HuNu to visualize hBMSC, and LYVE-1 to visualize lymphatic endothelial cells. In all animals, few HuNu-positive cells were found within brain lymphatic vessels, which expressed LYVE-1, at any time point ([Figure 3A](#f3-1041062){ref-type="fig"}). Additionally, there were no significant differences in the quantity of HuNu and LYVE-1 co-localization in the brain at any time point between sham-treated animals and those with mild or severe stroke (*P*\>0.05) ([Figure 3C](#f3-1041062){ref-type="fig"}). In contrast, many hBMSC were visualized within all transplanted rats' splenic lymphatic vessels on all days ([Figure 3B](#f3-1041062){ref-type="fig"}). Animals with mild and severe strokes displayed significantly more hBMSC within splenic lymphatic vessels than did sham-treated animals on any day on which measurements were made (*P*\<0.05) ([Figure 3D](#f3-1041062){ref-type="fig"}). On day 3, the group with severe stroke expressed the greatest amount of co-localized cells in the spleen (*P*\<0.001).

![Visualization of human bone marrow mesenchymal stromal cells within lymphatic vessels in the brain and spleen. (A and B) Human bone marrow mesenchymal stromal cells (hBMSC) were stained with human nuclei (HuNu) and lymphatic endothelial cells were stained with lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1) to reveal co-localization of hBMSC and lymphatic endothelial cells in the brain (A) and spleen (B). Arrow heads indicate co-localization of HuNu-positive and LYVE-1-positive cells and show that hBMSC localized within lymphatic vessels in the brain and spleen. Small boxes show 40× magnification. Scale bars = 100 μm. Red: LYVE-1; green: HuNu; blue: DAPI. (A) Images were taken close to the dural sinuses in the brain. (B) Images were taken near to the gate of the spleen, close to the white pulp in the spleen. (C and D) Quantitative analyses of the estimated number of co-localized HuNu-positive and LYVE-1-positive cells in the brain (C) and in the spleen (D) of animals with mild or severe stroke and sham-treated animals. Significance bars: \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001. (C) No significant differences were found in the magnitude of co-localization in the brain between sham-treated groups and those with mild or severe stroke on all days that the assessments were made (*P*\>0.05). (D) Groups with mild and severe stroke displayed significantly higher quantities of co-localization in the spleen relative to the sham-treated group on all days the measurements were made (\**P*\<0.05). Staining overlap was most prominent on day 3, especially in the groups with severe stroke. *a*: The group with severe stroke had significantly more co-localized cells in the spleen on day 3 than on other days (*P*\<0.001).](1041062.fig3){#f3-1041062}

Stroke induces neuroinflammation in the brain and spleen
--------------------------------------------------------

To reveal any upregulation of stroke-induced neuroinflammation, we stained brain and spleen sections with OX6 to label microglia possessing the proinflammatory M1 phenotype ([Figure 4A,B](#f4-1041062){ref-type="fig"}). OX6 expression in the brain and spleen was significantly higher in the groups with mild and severe stroke than in the sham-treated group at all time points (*P*\<0.01; *P*\<0.001) ([Figure 4C,D](#f4-1041062){ref-type="fig"}). On day 3, the brains and spleens of animals groups with mild and severe stroke, but not those of the sham-treated group, exhibited significantly more OX6-positive cells than they did on other days, with the highest concentration found in the group with severe stroke (*P*\<0.001) ([Figure 4C,D](#f4-1041062){ref-type="fig"}).

![Immunofluorescent staining of inflammatory cells. (A and B) OX6-stained microglia/macrophages were frequently found in the periphery of the site of stem cell injection site in the brain (A) and around the blood vessels in the spleen (B), and the number of OX6-positive cells in the stroke groups was higher than in the sham-treated groups. Nuclei were stained with DAPI. Arrow heads indicate OX6-positive cells. Scale bars = 100 μm. Green: OX6; blue: DAPI. (C and D) In quantitative analyses of the brain (C) and the spleen (D), the stroke groups exhibited a higher number of OX6-positive cells than did the sham-treated group (\*\**P*\<0.01). Significance bars: \*\**P*\<0.01; \*\*\**P*\<0.001. (C) *a*: The group with mild stroke had significantly more OX6-positive cells in the brain on day 3 than on other days (*P*\<0.01); *b*: the group with severe stroke had significantly more OX6-positive cells in the brain on day 3 than on other days (*P*\<0.001). (D) *a*: The group with mild stroke had significantly more OX6-positive cells in the spleen on day 3 than on other days (P\<0.01); *b*: the group with severe stroke had significantly more OX6-positive cells in the spleen on day 3 than on other days (*P*\<0.001).](1041062.fig4){#f4-1041062}

OX6-positive cells localized near or within lymphatic vessels in the brain and spleen
-------------------------------------------------------------------------------------

OX6-positive cells localized near or within lymphatic vessels in the brain ([Figure 5A](#f5-1041062){ref-type="fig"}) and spleen ([Figure 5B](#f5-1041062){ref-type="fig"}) and their quantity was higher in animals with mild or severe stroke than in sham-treated animals. Groups with mild or severe stroke had more OX6-positive cells close to or within lymphatic vessels on day 3 than at other time points. OX6 expression near or within lymphatic vessels in the brain and spleen was significantly higher in the groups with mild and severe stroke than in the sham-treated group at all time points (*P*\<0.05; *P*\<0.01; *P*\<0.001) ([Figure 5C,D](#f5-1041062){ref-type="fig"}). On day 3, the brains and spleens of the groups with mild and severe stroke, but not sham-treated group brains and spleens, exhibited significantly more OX6-positive cells next to or within lymphatic vessels than they did on other days, with the highest concentration found in the group with severe stroke (*P*\<0.01) ([Figure 5C,D](#f5-1041062){ref-type="fig"}).

![Localization of OX6-positive cells near or within lymphatic vessels in the brain and spleen. (A and B) Staining with OX6, lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1), and DAPI, was performed to visualize microglia/macrophages, lymphatic endothelial cells, and nuclei, respectively, in the brain (A) and spleen (B). Arrow heads indicate co-localization of OX6-positive and LYVE-1-positive cells and show that microglia/macrophages localized near or within lymphatic vessels in the brain and spleen. Pictures taken under 20× and 40× magnification. Scale bars = 100 μm. Red: LYVE-1; green: OX6; blue: DAPI. (A) Images were taken close to the dural sinuses in the brain. (B) Images were taken near the gate of the spleen, close to the white pulp in the spleen. (C and D) In quantitative analyses of the brain (C) and the spleen (D), the stroke groups exhibited higher numbers of co-localized cells than did the sham-treated group (\*\**P*\<0.01). Significance bars: \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001. (C) *a*: The group with mild stroke had significantly more co-localization in the brain on day 3 than on other days (*P*\<0.05); b: the group with severe stroke had significantly more co-localized cells in the brain on day 3 than on other days (*P*\<0.01). (D) *a*: The group with mild stroke had significantly more co-localization in the spleen on day 3 than on other days (*P*\<0.05); *b*: the group with severe stroke had significantly more co-localized cells in the spleen on day 3 than on other days (*P*\<0.01).](1041062.fig5){#f5-1041062}

Human specific phagocytic marker CD68, anti-apoptosis inhibitor 5 and neuronal marker triple staining in the brain and spleen
-----------------------------------------------------------------------------------------------------------------------------

Stroke-induced ischemic and apoptotic neurons result in inflammation. To test whether transplanted hBMSC can phagocytose ischemic neuronal cells in the brain and migrate to the periphery, we stained brain and spleen sections with human specific phagocytic marker CD68, anti-apoptosis inhibitor 5, and anti-160kD neurofilament medium antibody-rat specific neuronal marker. The human specific phagocytic marker CD68 was employed to label the transplanted hBMSC demonstrating phagocytic activity, the anti-apoptosis inhibitor 5 was utilized to mark rat neurons undergoing apoptosis, and the anti-160kD neurofilament medium antibody-rat specific neuronal marker was used to label rat neurons. CD68 expression was negligible for these hBMSC *in vitro*, suggesting that phagocytic expression may be triggered by the ischemic microenvironment of the transplant site. In the brain and in the spleen, apoptotic neuronal cells were found inside phagocytic human cells ([Figure 6A,B](#f6-1041062){ref-type="fig"}). The amounts of cells positive for all three staining labels were significantly higher in brains and spleens of the groups with mild and severe stroke than in sham-treated group brains and spleens (*P*\<0.001) ([Figure 6C,D](#f6-1041062){ref-type="fig"}). Animals with mild or severe stroke, but not sham-treated animals, had significantly more triple stain-positive cells in both organs on day 3, relative to other days, especially the group with severe stroke (*P*\<0.05) ([Figure 6C,D](#f6-1041062){ref-type="fig"}).

![Transplanted human bone marrow mesenchymal stromal cells phagocytose ischemic neurons in the brain and transport them to the spleen. (A and B) Triple immunofluorescent staining for human specific phagocytic marker CD68 (CD68), anti-apoptosis inhibitor 5 (API5), and anti-160kD neurofilament medium antibody-rat specific neuronal marker (neuronal marker) was performed in the brain (A) and spleen (B). Groups with mild and severe stroke demonstrated higher frequencies of staining overlap compared to the sham-treated group. Arrow heads indicate co-localization of CD68-positive, anti-apoptosis inhibitor 5-positive, and neuronal marker-positive cells. The small boxes show 40× magnification. Scale bars = 100 μm. Red: anti-apoptosis inhibitor 5; green: CD68; blue: neuronal marker. (C and D) Quantitative analyses of the estimated number of co-localized cells exhibiting overlap for all three stains in the brain (C) and in the spleen (D) of stroke and sham-treated animals. Significance bars: \*\**P*\<0.01; \*\*\**P*\<0.001. Groups with mild and severe stroke displayed significantly higher quantities of co-localization in the brain and spleen relative to the sham-treated group on all days that measurements were made (\*\**P*\<0.01). Co-localization levels peaked on day 3 in all organs in the groups with mild and severe stroke, especially in the groups with severe stroke (\*\**P*\<0.01). (C) *a*: The group with mild stroke had significantly more co-localized cells in the brain on day 3 than on other days (*P*\<0.05); *b*: the group with severe stroke had significantly more co-localized cells in the brain on day 3 than on other days (*P*\<0.01). (D) *a*: The group with mild stroke had significantly more co-localized cells in the spleen on day 3 than on other days (*P*\<0.05); *b*: the group with severe stroke had significantly more co-localized cells in the spleen on day 3 than on other days (*P*\<0.05).](1041062.fig6){#f6-1041062}

Human bone marrow mesenchymal stromal cells migrate toward bEnd.3, BV2, and bEnd.3+BV2 cells, a process enhanced by tumor necrosis factor-α treatment
-----------------------------------------------------------------------------------------------------------------------------------------------------

hBMSC migrated toward lymphatic endothelial cells (bEnd.3, expressing LYVE-1), microglia (BV2), and a combination of bEnd.3+BV2 cells in *in vitro* cell migration assays ([Figure 7A-F](#f7-1041062){ref-type="fig"}). Administering TNF-α escalated hBMSC migration in a dose-dependent manner. At different time points (0 h - 72 h), the density of hBMSC migrating toward bEnd.3 ([Figure 7A,B](#f7-1041062){ref-type="fig"}), BV2 ([Figure 7C,D](#f7-1041062){ref-type="fig"}), and bEnd.3+BV2 ([Figure 7E,F](#f7-1041062){ref-type="fig"}) increased significantly with progressively higher concentrations of TNF-α (*P*\<0.05). Additionally, the density of hBMSC migration to bEnd.3, BV2, and bEnd.3+BV2 cells increased over time ([Figure 7B,D,F](#f7-1041062){ref-type="fig"}). Cell migration to bEnd.3+BV2 peaked at 48 h with the highest TNF-α dose ([Figure 7F](#f7-1041062){ref-type="fig"}), which is consistent with the *in vivo* results showing that the number of hBMSC was highest in the group with severe stroke on day 3 ([Figure 2D](#f2-1041062){ref-type="fig"}). BV2 cells had the highest density of hBMSC migration relative to bEnd.3 and bEnd.3+BV2 groups at all time points, demonstrating that hBMSC preferentially migrated to BV2 cells (*P*\<0.01) ([Figure 7G-J](#f7-1041062){ref-type="fig"}).

![Migration of human bone marrow mesenchymal stromal cells to bEnd.3, BV2, and bEnd.3+BV2 cells in cell migration assays. (A-F) Human bone marrow mesenchymal stromal cells (hBMSC) migrate to three experimental groups: lymphoid endothelial cells (bEnd.3) (A and B), microglia (BV2) (C and D), and a combination of BV2+bEnd.3 cells (E and F). Cell density was measured over time (0-72 h) and in response to varying doses of tumor necrosis factor alpha (TNF-α: 0 ng/mL, 25 ng/mL, 50 ng/mL, or 100 ng/mL). Compared with the non-treated control group, TNF-α significantly increased the number of migrating hBMSC, indicating that TNF-α plays a critical role in the migration of hBMSC *in vitro*. (A, C, E) Visualization of the density of hBMSC migrating to bEnd.3 (A), BV2 (C), and bEnd.3+BV2 (E) over time and in response to increasing TNF-α doses. (B, D, F) Quantitative analyses of the density of hBMSC migrating to bEnd.3 (B), BV2 (D), and bEnd.3+BV2 (F) over time and in response to increasing TNF-α doses. Significance values: (A) *a*: 0 ng/mL *vs*. 25 ng/mL (*P*\<0.05); 0 ng/mL *vs*. 50 ng/mL (*P*\<0.05). *b*: 0 ng/mL *vs*. 25 ng/mL (*P*\<0.05); 0 ng/mL *vs*. 50 ng/mL (*P*\<0.05). c: 50 ng/mL *vs*. 100 ng/mL (*P*\<0.05). d: 25 ng/mL *vs*. 50 ng/mL (*P*\<0.01); 50 ng/mL *vs*. 100 ng/mL (*P*\<0.01). (B) *a*: 0 ng/mL *vs*. 50 ng/mL (*P*\<0.05); 25 ng/mL *vs*. 100 ng/mL (*P*\<0.05). *b*: 25 ng/mL *vs*. 100 ng/mL (*P*\<0.05); 50 ng/mL *vs*. 100 ng/mL (*P*\<0.05). c: 0 ng/mL *vs*. 50 ng/mL (*P*\<0.05); 25 ng/mL *vs*. 50 ng/mL (*P*\<0.05); 25 ng/mL *vs*. 100 ng/mL (*P*\<0.05). d: 25 ng/mL *vs*. 100 ng/mL (*P*\<0.05). (C) *a*: 25 ng/mL *vs*. 100 ng/mL (*P*\<0.05). *b*: 0 ng/mL *vs*. 100 ng/mL (*P*\<0.05); 25 ng/mL *vs*. 50 ng/mL (*P*\<0.05). c: 0 ng/mL *vs*. 50 ng/mL (*P*\<0.05); 0 ng/mL *vs*. 100 ng/mL (*P*\<0.05); 25 ng/mL *vs*. 50 ng/mL (*P*\<0.05). d: 0 ng/mL *vs*. 50 ng/mL (*P*\<0.01); 25 ng/mL *vs*. 50 ng/mL (*P*\<0.01); 50 ng/mL *vs*. 100 ng/mL (*P*\<0.01). (G-J) hBMSC preferentially migrate to BV2 microglial cells in cell migration assays. Quantitative comparisons between the amount of hBMSC migrating to BV2, bEnd.3, and BV2+bEnd.3 over time and within specific doses of TNF-α \[0 ng/mL (G), 25 ng/mL (H), 50 ng/mL (I), and 100 ng/mL (J)\]. The number of migrating hBMSC was highest for BV2 for all doses of TNF-α, indicating how hBMSC preferentially migrate to BV2. The density of migrating hBMSC was significantly higher for BV2 than for bEnd.3 and BV2+bEnd.3 for all TNF-α doses. There were significantly more migrating hBMSC for bEnd.3+BV2 than for bEnd.3 for all TNF-α doses. Significance values: (G) *a*: b.End3 *vs*. b.End3+BV2 (*P*\<0.05). *b*: BV2 *vs*. b.End3+BV2 (*P*\<0.05). c: BV2 *vs*. b.End3+BV2 (*P*\<0.05). d: BV2 *vs*. b.End3+BV2 (*P*\<0.05). (H) *a*: b.End3 *vs*. BV2 (*P*\<0.001); b.End3 *vs*. b.End3+BV2 (*P*\<0.001); BV2 *vs*. b.End3+BV2 (*P*\<0.001). *b*: BV2 *vs*. b.End3+BV2 (*P*\<0.05). c: BV2 *vs*. b.End3+BV2 (*P*\<0.05). d: BV2 *vs*. b.End3+BV2 (*P*\<0.05). (I) *a*: b.End3 *vs*. BV2 (*P*\<0.001); b.End3 *vs*. b.End3+BV2 (*P*\<0.001); BV2 *vs*. b.End3+BV2 (*P*\<0.001). *b*: b.End3 *vs*. BV2 (*P*\<0.01); b.End3 *vs*. b.End3+BV2 (*P*\<0.01); BV2 *vs*. b.End3+BV2 (*P*\<0.01). *c:* BV2 *vs*. b.End3+BV2 (*P*\<0.01). *d*: b.End3 *vs*. b.End3+BV2 (*P*\<0.05). (J) *a*: b.End3 *vs*. b.End3+BV2 (*P*\<0.05). *b*: b.End3 *vs*. BV2 (*P*\<0.001); b.End3 *vs*. b.End3+BV2 (*P*\<0.001); BV2 *vs*. b.End3+BV2 (*P*\<0.001). *c*: b.End3 *vs*. b.End3+BV2 (*P*\<0.01). d: b.End3 *vs*. b.End3+BV2 (*P*\<0.05).](1041062.fig7){#f7-1041062}

Discussion
==========

The brain is traditionally known to play an essential role in governing and coordinating systemic homeostasis. In recent years, it has become increasingly clear that brain health and neurological diseases are intimately associated with other physiological systems.^[@b28-1041062],[@b29-1041062]^ Growing evidence suggests that an immense peripheral inflammatory response follows stroke, yet investigations into stem cell therapy have not probed whether stem cells transplanted intracerebrally are capable of migrating to the periphery and alleviating systemic inflammation. Previously, we administered hBMSC intravenously in experimental rat models of stroke and the transplanted cells preferentially migrated to the spleen, demonstrated greater survival in the spleen than in the brain, and ameliorated stroke-induced neurostructural deficits and chronic inflammation.^[@b19-1041062]^ Here, we showed that lymphatic pathways and inflammatory signals enable stem cells to migrate to the spleen after intracerebral transplantation in a stroke brain ([Figure 8](#f8-1041062){ref-type="fig"}).

![Illustration demonstrating how stem cells migrate from the brain to the spleen via lymphatic vessels and with guidance from inflammatory cells. Stem cells engrafted in the brain enter lymphatic vessels in the brain and inflammatory cues direct the transplanted stem cells toward the spleen.](1041062.fig8){#f8-1041062}

Preferential migration toward the site of pathological signals is critical for stem cell transplantation to achieve its therapeutic potential. Such deposition of systemically delivered stem cells into the spleen after stroke is accompanied by reduced necrotic and apoptotic cell death in the brain, decreased motor and cognitive deficits, and a dampened splenic inflammatory response.^[@b12-1041062],[@b30-1041062]--[@b33-1041062]^ This sequestration of neurodegeneration by suppressing systemic inflammation originating from the spleen was previously demonstrated in stroke animals that had their spleen removed or were transplanted with human umbilical cord cells in the acute stage of stroke.^[@b12-1041062],[@b30-1041062]^

The present *in vivo* imaging revealed the migration of intracerebrally transplanted hBMSC to the spleen in the acute stage. The highest numbers of these cells were found on day 3 in both brain and spleen. Transient blockage of the contralateral common carotid artery caused more intense ischemia in the brain tissue of groups with severe stroke, producing much higher levels of inflammatory factors. This increased inflammatory response heightens the migratory action of the transplanted stem cells. In animal models of focal cerebral ischemic stroke, recruitment of multiple inflammatory cell types such as neutrophils within the ischemic brain occurs within 30 minutes to a few hours after the stroke, peaking within the first 3 days.^[@b34-1041062],[@b35-1041062]^ hBMSC have immunomodulatory capacities, are multipotent, and tend to migrate to sites of tissue injury/inflammation, making them promising effectors for tissue regeneration.^[@b36-1041062]--[@b40-1041062]^

Lymphatic vessels, in addition to draining interstitial fluids, allow cells to travel from tissues to draining lymph nodes.^[@b41-1041062]^ Therefore, we examined whether the cerebral lymphatic vessels were capable of carrying hBMSC to the spleen. Indeed, the most novel finding in this study is the discovery that hBMSC were able to migrate directly to the spleen via lymphatic vessels; immunofluorescence analysis of the brain and spleen revealed that hBMSC were found within these vessels.

Microglial cells -- the resident macrophages of the brain -- are activated rapidly in response to brain injury.^[@b42-1041062],[@b43-1041062]^ Experimental data have shown that resident microglia are activated within minutes of the onset of ischemia and produce a plethora of proinflammatory mediators including interleukin-1β and TNF-α, which exacerbate tissue damage^[@b44-1041062]^ yet may also protect the brain against ischemic and excitotoxic injury.^[@b45-1041062],[@b46-1041062]^ Post-ischemic microglial proliferation peaks at 48--72 h after the onset of cerebral ischemia and may last for several weeks after the initial injury.^[@b47-1041062],[@b48-1041062]^

Given the preferential migration of hBMSC toward microglia under inflammatory conditions seen *in vitro*, it was hypothesized that the microglia may play a key role in facilitating the transplanted stem cells' journey into the spleen. Elevated levels of OX6-positive cells were found in both the brain and spleen after stroke, especially in animals with severe stroke. The density of inflammatory cells in the spleen was much higher than in the brain. Greater stroke severity was correlated with a rise in OX6-positive cells and their increased co-localization with LYVE1 in both the brain and the spleen. The data reveal a more robust migration of OX6-positive cells from the brain to the spleen in response to a more severe stroke. Thus, the present results suggest that elevated inflammation accompanying more severe strokes may also account for the greater successful migration of transplanted stem cells to the spleen. Hence, it is likely that hBMSC possess biodistribution patterns in which they localize around major sites of inflammation, such as the infarct area in the brain and the white pulp in the spleen, which contains numerous inflammatory cells and lymphatic cells that could attract these hBMSC.^[@b49-1041062]^ Indeed, high concentrations of hBMSC were deposited in the white pulp of the spleen. We advance the premise that tracking the biodistribution of intracerebrally transplanted hBMSC beyond the spleen, and to other peripheral organs (e.g., thymus) which also mount strong inflammation in response to central nervous system insults, including stroke, represents an innovative paradigm-shifting future investigation (e.g., for brain disorders with robust peripheral pathological components, thereby requiring peripheral sequestration of systemic inflammation).

Normally, the BBB functions as an impermeable barricade to defend against detrimental pathogens and substances. However, inflammation induced by an ischemic stroke can lead to impaired endothelial activity and compromise BBB function, enabling cells such as macrophages to pass the barrier.^[@b7-1041062]^ Thus, while our data demonstrate that hBMSC likely utilized lymphatic vessels to migrate to the spleen, it is also possible that hBMSC in the brain were able to cross the now permeable BBB and enter the bloodstream, enabling them to migrate to the spleen via systemic circulatory pathways. As the groups with severe stroke had more severe inflammation, this may have resulted in more damage to the BBB, and could also explain why more transplanted cells migrated from the brain to the periphery (i.e., spleen) in these groups. Future studies could further probe this concept by measuring stem cell levels in the blood, as well as graft deposition in other peripheral organs.

The *in vitro* results revealed an increase in hBMSC migration toward lymphatic endothelial cells, microglia, or a combination of both when treated with TNF-α. The increasing number of migratory hBMSC was dependent on the dose of TNF-α in every experimental group. Interestingly, the greatest migratory activity was seen in the cultures of TNF-α-treated microglia cells alone *versus* either lymphatic endothelial cells or the co-culture of both cell types with TNF-α. Since bEnd.3 cells are a brain endothelioma cell line, it is possible that the hBMSC also migrated to brain parenchymal endothelial cells, in addition to LYVE-1 lymphatic endothelial cells. However, adding TNF-α increases the ability of bEnd.3 cells to form LYVE-1-expressing lymphatic tubes.^[@b50-1041062]^ Thus, it is likely that in our cell migration assays involving TNF-α, the majority of hBMSC migrated to the LYVE-1 lymphatic endothelial cells, which were likely present in a higher proportion.

Prior studies have demonstrated that the injection of hBMSC into immunocompetent rats^[@b19-1041062]^ has neuroprotective benefits similar to those obtained by transplanting murine-derived stem cells into rats.^[@b51-1041062]^ hBMSC have advantages over other cell types, such as circumventing ethical concerns and host rejection of transplanted stem cell grafts, enabling allogeneic transplantation.^[@b52-1041062]^ Moreover, utilizing human-derived cells in preclinical studies may be more clinically relevant, as future cell transplantation therapies in the clinic will likely employ human-derived stem cells to treat neurological disorders. Despite these logistical and translational advantages of using human cells in an immunocompetent rat model, we recognize the possibility that the present results may be due to the phenomenal cross-species immunomodulation platform created by this model. We also concede that a same-species transplant paradigm may need to confirm the present observation of inflammation- and lymphatic-mediated brain-to-spleen migration of grafted stem cells. Notwithstanding this limitation, we submit that the current xeno-transplantation paradigm exaggerates the role of inflammation and/or the immune system on the lymphatic systems and stem cell fate, i.e., migration. As inhibiting lymphatic vessel contraction is associated with immunosuppression, it is possible that suppressing the immune system in an immunosuppressed rat model would hinder the lymphatic system's ability to coordinate lymph flow and thus obstruct the migration of hBMSC from the brain to the spleen.^[@b53-1041062]^

Despite being a subject of debate, the optimal time point for the application of stem cells in the clinical setting exists, both in terms of stem cell tropism toward the brain and overall therapeutic effectiveness. The undecided nature of this ideal time point is, however, a major hurdle to progress in stem cell therapies in stroke. In our study, rats were reperfused 1 hour after the middle cerebral artery occlusion surgery and received hBMSC at this point. Preclinical studies reveal that at this acute phase of stroke, the levels of chemokines and trophic factors increase markedly in the infarcted brain and subsequently decrease over time.^[@b54-1041062]^ This large release of inflammatory factors, oxygen free radicals, and excitatory neurotransmission toxins (e.g., glutamate and glycine) may pose a threat to the survival of the recently transplanted stem cells. The application of stem cells during the acute phase of stroke may be necessary to offer a range of paracrine and immunomodulatory effects significant enough to reduce secondary injury processes and stimulate brain repair after stroke.^[@b55-1041062]^ Admittedly, 1 hour after a stroke is not the most clinically feasible time. However, later deliveries are plagued by the existence of a non-conducive microenvironment after cerebral infarction which may interfere with the transplanted stem cells' ability to survive. Thus, it is important to determine the ideal, realistic time point, when the transplanted cells can not only survive in the infarcted area and salvage affected brain tissue, but also, as this study shows, effectively modulate peripheral immune responses to reduce the harmful inflammation. This requires more in-depth research. Here, we demonstrated a phenomenon whereby intracerebrally transplanted stem cells can migrate to the spleen via the lymphatic system, propelled by inflammatory signals. However, characterizing the function of the stem cells once within the spleen, how this in turn affects global inflammatory factors, and the ultimate effects on brain health, are mechanisms which require deeper study.

This study supports an alternative mechanism essential to cell therapy for stroke, advancing the notion that while the brain is the ultimate therapeutic target of stem cells, achieving functional recovery may occur as a systematic event. The intuitive mechanism whereby stem cells replace dead and dying neurons, integrating into functional circuits, only occurs to a slight extent.^[@b56-1041062]^ Thus, a complete explanation for the functional recovery associated with stem cell therapies in stroke requires an understanding of the non-cell replacement mechanisms of stem cells. Intracerebrally transplanted hBMSC phagocytose apoptotic neurons, depart from the ischemic tissue of the brain, and travel toward the spleen via lymphatic vessels. From the standpoint of basic science, the observation of transplanted human stem cells within the lymphatic vessels and adjacent to inflammatory cells in the brain, but surprisingly also in the spleen, reveals for the first time the migration of intracerebrally infused stem cells to the periphery. From a translational research view, the visualization of transplanted stem cells within lymphatic vessels and CD68-positive stem cells phagocytosing apoptotic neurons in the brain and spleen may correspond to a novel clean-up machinery of stem cells designed to dampen the stroke brain's overload of cell death components and signals, scuttling them from the central nervous system to the periphery. Altogether, our observations indicate that stem cells are capable of phagocytic activity centrally and peripherally, likely designed to sequester and remove inflammatory cells and dying neurons from the brain and dump them in the periphery, and suggest a therapeutic mechanism involving central and peripheral sequestration of stroke inflammation. Moreover, the observed hBMSC migration patterns indicate the central role of the spleen in stroke pathology and reaffirm the importance of inflammatory signaling in stem cell migration. This study resolves the apparent paradox of robust functional recovery seen after stem cell transplantation in stroke despite minimal graft survival rates.

In summary, we demonstrate here that intracerebrally transplanted stem cells exhibit the ability to migrate from the brain parenchyma to the spleen via lymphatic vessels, led by inflammatory signals. Describing the migratory patterns and biodistribution of stem cells following transplantation furthers our understanding of how these cells offer their therapeutic effects as well as enhancing our knowledge of the spleen and lymphatic system's involvement in stroke pathology.
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